Abstract-Abdominal aortic aneurysm (AAA) is associated with increased endothelin (ET-1), both systemically and locally in the aorta. Also, elastase activity is increased in human AAA, and elastase perfusion of the aorta induces aneurysm formation in animal models of AAA. However, whether elastase directly affects the ET-1-induced mechanisms of aortic smooth muscle contraction is unclear. Isometric contraction and 45 Ca 2ϩ influx were measured in aortic strips isolated from male Sprague-Dawley rats and treated with elastase (5 U/mL). To avoid degradation of the extracellular matrix proteins by elastase, experiments were performed in the presence of elastin (10 mg/mL). In normal Krebs solution (2.5 mmol/L Ca 2ϩ ), ET-1 (10 Ϫ7 mol/L) caused contraction of aortic strips that was inhibited by elastase (5 U/mL). The elastase-induced inhibition of ET-1 contraction was slow in onset (4.6Ϯ0.4 minutes), time-dependent, complete in 34Ϯ3 minutes, and reversible. In Ca 2ϩ -free Krebs solution, caffeine (25 mmol/L) caused a small contraction that was not inhibited by elastase, suggesting that elastase does not inhibit Ca 2ϩ release from the intracellular stores. Membrane depolarization by 96 mmol/L KCl, which stimulates Ca 2ϩ entry from the extracellular space, caused a contraction that was inhibited by elastase in a concentration-dependent, time-dependent, and reversible fashion. The reversible inhibitory effects of elastase, particularly in the presence of elastin, suggest that they are not due to dissolution of the extracellular matrix or smooth muscle contractile proteins. Elastase also inhibited ET-1 and KCl-induced 
A bdominal aortic aneurysm (AAA) is a common disease of the elderly. The frequency of AAA has significantly increased over the past 3 decades. 1 AAA is a progressive disease that could eventually result in rupture of the aorta, severe hemorrhage, and death. Surgical repair is the treatment of choice for large AAA. However, for small AAA, the treatment strategy is watchful waiting until the aneurysm reaches a critical size such that the risks of rupture outweigh the risks of surgery. Understanding the mechanisms underlying the pathogenesis of AAA would help identify new treatment strategies to retard the progressive growth of small AAA.
Elastase is a serine protease enzyme that acts predominantly on the extracellular matrix protein elastin. 2 An increase in elastase activity and elastin degradation are consistent findings in human AAA. 3, 4 Also, there is evidence that elastolysis occurs during the early stages of the development of AAA. 5 Furthermore, elastase perfusion of the aorta has been shown to induce the formation of aneurysms in several animal models of AAA. 6, 7 The mechanism of aneurysm formation in animal models of AAA has often been related to an elastase-induced inflammatory response, which leads to destruction of the extracellular matrix proteins. 8, 9 Although the role of elastase-induced degradation of the extracellular matrix component of the vascular wall during AAA formation has been extensively studied, 8, 9 little is known regarding the effects of elastase on other vascular cell types, particularly on the mechanisms of aortic smooth muscle contraction.
One of the most potent stimulants of vascular smooth muscle contraction is endothelin-1 (ET-1). 10 The plasma levels of ET-1 have been shown to be elevated in patients with AAA, and a role for ET-1-induced vascular remodeling in the pathogenesis of AAA has been suggested. 11 The increased ET-1 and elastase activities in patients with AAA as well as in animal models of AAA suggest possible modulating effects of elastase on the vasoconstrictive actions of ET-1 during AAA formation. However, whether elastase directly affects the ET-1-induced mechanisms of aortic smooth muscle contraction is unclear.
Vascular smooth muscle contraction is triggered by an increase in intracellular Ca 2ϩ as the result of Ca 2ϩ release from the intracellular stores and Ca 2ϩ entry from the extra-cellular space. 12 Also, studies have shown that ET-1 increases intracellular Ca 2ϩ and stimulates the Ca 2ϩ mobilization mechanisms of vascular smooth muscle contraction. 13, 14 The purpose of this study was to test the hypothesis that elastase inhibits the ET-1-induced Ca 2ϩ mobilization mechanisms of smooth muscle contraction. Experiments were designed to investigate (1) whether elastase inhibits ET-1-induced aortic smooth muscle contraction and (2) whether the inhibition of ET-1-induced smooth muscle contraction by elastase is due to inhibition of Ca 2ϩ release from the intracellular stores or Ca 2ϩ entry from the extracellular space. The effects of elastase on ET-1-induced contraction and 45 Ca 2ϩ influx were measured and compared with its effects on caffeine-induced contraction, which is mainly due to Ca 2ϩ release from the intracellular stores, and its effects on high KCl-induced contraction, which is mainly due to Ca 2ϩ entry from the extracellular space. To avoid the potential degradation of the extracellular matrix proteins by elastase, experiments were performed in the presence of saturating concentrations of elastin (10 mg/mL).
Methods

Tissue Preparation
Male Sprague-Dawley rats (12 weeks of age, 200 to 300 g in weight) were purchased from Charles River Laboratory, housed in the animal facility, and maintained on ad libitum standard rat chow and tap water in a 12 hour/12 hour light/dark cycle. The rats were euthanized by CO 2 inhalation, and complete euthanasia was judged by cessation of breathing and heart beat. The chest and abdominal cavities were opened, and both the thoracic and abdominal aortas were rapidly excised and placed in oxygenated Krebs solution. Preliminary studies have shown no significant differences in the effects of elastase on the thoracic and abdominal aorta, and therefore both tissues were used. The aorta was carefully dissected and cleaned of adipose and connective tissue under microscopic visualization. The aorta was cut into 3-mm-wide strips. To avoid the contribution of the vascular endothelium to the observed responses, the endothelium was removed by gently rubbing the vessel interior with wet filter paper. Removal of the endothelium was routinely verified by the absence of acetylcholine-induced relaxation in aortic strips precontracted with phenylephrine (3ϫ10 Ϫ7 mol/L). All procedures followed the guidelines of the Institutional Animal Care and Use Committee.
Isometric Contraction
One end of the aortic strip was attached to a glass hook with the use of a thread loop; the other end was connected to a Grass force transducer (FT03). Aortic strips were stretched to L max (1.5ϫ the unloaded initial length, L). The strips were allowed to equilibrate for 1 hour in a water-jacketed, temperature-controlled, tissue bath filled with 50 mL Krebs solution, continuously bubbled with 95% O 2 and 5% CO 2 at 37°C. The changes in isometric contraction were recorded on a Grass polygraph (model 7D).
A control contraction was elicited by applying 96 mmol/L KCl to the tissue bath solution. Once the KCl contraction reached a plateau, the tissue was rinsed with Krebs solution 3 times, 10 minutes each. The whole procedure of contraction and washing was repeated. Experiments were designed to test the effects of elastase on KCl contraction. Studies in animal models of AAA have shown that perfusion of the aorta with elastase at concentrations ranging from 15 to 50 U/mL causes significant aneurysm formation. 6 Also, preliminary experiments have shown that elastase (1 to 30 U/mL) causes concentration-dependent inhibition of KCl contraction. Elastase, at 5 U/mL, caused complete inhibition of KCl contraction after 30 minutes; therefore this concentration/duration of elastase treatment was used in all experiments unless indicated otherwise. Experiments have also shown that the inhibitory effects of elastase on KCl contraction were partially reversible, suggesting possible degradation of the extracellular matrix proteins. To avoid potential degradation of the connective tissue matrix of the aorta by elastase, the tissues were incubated in the presence of increasing concentrations of elastin (1, 3, 6 , and 10 mg/mL). The inhibitory effects of elastase on KCl contraction were completely reversible in the presence of elastin (10 mg/mL); therefore all experiments were performed in the presence of this concentration of elastin unless indicated otherwise.
Experiments were also designed to test the effects of elastase on ET-1 contraction. Previous studies have shown that the plasma ET-1 levels are elevated to Ϸ3ϫ10 Ϫ11 mol/L in patients with AAA. 11 However, since ET-1 is a locally acting paracrine or autocrine protein rather than a circulating hormone, the plasma levels may not reflect a potentially much higher local ET-1 concentration at the interface between the endothelium and vascular smooth muscle cells. Preliminary experiments have shown that ET-1 causes concentration-dependent contraction of rat aortic strips. At concentrations Ͻ10 Ϫ7 mol/L, the ET-1 contraction was slow in onset, small in magnitude, and reached steady state after a long period of time and thus made it difficult to measure the inhibitory effects of elastase. On the other hand, at 10 Ϫ7 mol/L, ET-1 caused a relatively rapid and maximal contraction that reached steady state in Ϸ30 minutes and thus made it feasible to analyze quantitatively the inhibitory effects of elastase. Therefore, aortic strips were stimulated with ET-1 10 Ϫ7 mol/L until the contraction reached a plateau, then were treated with elastase (5 U/mL), and the changes in contraction were observed. Reversibility of the inhibitory effects of elastase was tested by treating the aortic strips with elastase (5 U/mL) in the absence or presence of elastin (10 mg/mL) for 30 minutes, then thoroughly rinsing the strips with Krebs solution, followed by stimulation with ET-1 10 Ϫ7 mol/L. In another set of experiments, the vascular strips were incubated for 2 minutes in Ca 2ϩ -free (2 mmol/L ethylene glycol bis(␤-aminoethylether)-N,N,NЈ,NЈ-tetra-acetic acid; EGTA) Krebs, then treated with 25 mmol/L caffeine, which stimulates Ca 2ϩ release from the intracellular stores, to elicit a first contraction. The tissue was washed 6 times with normal Krebs for a total of 1 hour to replenish the intracellular Ca 2ϩ stores and then incubated in the presence of elastase (5 U/mL) plus elastin (10 mg/mL) for 30 minutes. The bathing medium was changed to Ca 2ϩ -free Krebs and the tissue was treated with caffeine to elicit a second contraction. The second caffeine contraction was then presented as a percentage of the first caffeine contraction.
In other experiments, the vascular strips were stimulated with 96 mmol/L KCl, which causes membrane depolarization and Ca 2ϩ entry from the extracellular space. Once the KCl response reached a plateau, the tissue was treated with elastase (5 U/mL) in the absence or presence of elastin (10 mg/mL), and the changes in KCl contraction were observed. The strips were thoroughly rinsed with Krebs solution and then restimulated with 96 mmol/L KCl to determine the reversibility of the effects of elastase.
Ca 2؉ Influx
Vascular strips were incubated in Krebs solution and then stimulated with ET-1 10 Ϫ7 mol/L or 96 mmol/L KCl for 10 minutes in the absence or presence of elastase (5 U/mL) plus elastin (10 mg/mL). The tissues were transferred to the respective radioactive 45 
Histological Studies
Aortic strips were incubated for 30 minutes in Krebs solution in the absence or presence of elastase (5 U/mL) and elastin (10 mg/mL). Tissue sections were prepared for histological studies with the use of hematoxylin and eosin and Verhoeff elastin stain to assess for the integrity of the extracellular matrix and elastin in the vessel wall.
Solutions, Drugs, and Chemicals
Normal Krebs solution contained (in mmol/L): NaCl, 120; KCl, 5.9; NaHCO 3 , 25; NaH 2 PO 4 , 1.2; dextrose, 11.5; MgCl 2 , 1.2; CaCl 2 , 2.5; at pH 7.4. For Ca 2ϩ -free Krebs solution, CaCl 2 was omitted and EGTA 2 mmol/L was added. KCl solution (96 mmol/L) was prepared as Krebs solution, with substitution of NaCl with KCl. ET-1, caffeine, and elastin were from Sigma. Porcine elastase grade II was from Boehringer Mannheim. All other chemicals were of reagent grade or better.
Statistical Analysis
Data were analyzed and expressed as meanϮSEM. Data were compared by using the Student t test for unpaired and paired data. Differences were considered statistically significant at a level of PϽ0.05.
Results
In normal Krebs solution (2.5 mmol/L Ca 2ϩ ), 10 Ϫ7 mol/L ET-1 caused a significant contraction that reached a maximum in 26Ϯ4 minutes (Figure 1 ). Elastase (5 U/mL) caused inhibition of ET-1 contraction that was slow in onset (mean delay, 4.6Ϯ0.4 minutes) and complete in 34Ϯ3 minutes (Figure 1) . In tissues treated with elastase (5 U/mL) for 30 minutes followed by rinsing with Krebs for 1 hour, the inhibitory effects of elastase on ET-1-induced contraction were partially reversible (Figure 2 ). Elastin (10 mg/mL) alone did not have any significant effect on the basal or ET-1-induced contraction. In tissues treated with elastase (5 U/mL) plus elastin (10 mg/mL) for 30 minutes followed by rinsing with Krebs for 1 hour, the inhibitory effects of elastase on ET-1-induced contraction were completely reversible (Figure 2) .
To determine if treatment with elastase in the absence or presence of elastin causes degradation of the medial smooth muscle or elastin, tissue sections were prepared for histological examination with the use of hematoxylin and eosin staining and Verhoeff stain for elastin. Tissue sections of the control aorta showed an intact tunica media and preserved elastin layer (Figure 3) . In tissues treated with elastase (5 U/mL) for 30 minutes, marked elastin degradation in the tunica media was observed (Figure 3 ). In contrast, in tissues treated with elastase (5 U/mL) plus elastin (10 mg/mL) for 30 minutes, the tunica media appeared to be preserved, and no apparent elastin degradation was detected when compared with control tissue (Figure 3) . In Ca 2ϩ -free (2 mmol/L EGTA) Krebs solution, 25 mmol/L caffeine, which stimulates Ca 2ϩ release from the intracellular stores, 12 caused a small contraction ( Figure 4A ). The aortic strips were rinsed with normal Krebs for 1 hour to replenish the intracellular Ca 2ϩ stores, and a second caffeine contraction was elicited in Ca 2ϩ -free Krebs. In these control experiments, the second caffeine contraction was not significantly different from the first caffeine contraction ( Figures 4A and  4C) . In tissues treated with elastase (5 U/mL) plus elastin (10 mg/mL) for 30 minutes, the second caffeine contraction was not significantly different from the first caffeine contraction ( Figures 4B and 4C) , suggesting that the intracellular Ca 2ϩ release mechanisms are preserved during treatment with elastase.
Membrane depolarization by 96 mmol/L KCl, which is known to stimulate Ca 2ϩ entry from the extracellular space, 12 caused a significant contraction that reached a plateau in 9.5Ϯ0.4 minutes. Elastase caused inhibition of the KClinduced contraction that was rapid in onset and concentration-and time-dependent ( Figure 5 ). In tissues treated with elastase (5 U/mL) for 30 minutes, the inhibitory effects of elastase on KCl-induced contraction were partially reversible ( Figures 6A and 6C ). Elastin (10 mg/mL) alone did not have any significant effect on KCl-induced contraction. In tissues treated with elastase (5 U/mL) plus elastin (10 mg/mL) for 30 minutes, the inhibitory effects of elastase on KCl-induced contraction were completely reversible ( Figures  6B and 6D) .
ET-1 (10 Ϫ7 mol/L) and 96 mmol/L KCl caused significant increases in 45 Ca 2ϩ influx (Figure 7) . In tissues treated with elastase (5 U/mL) plus elastin (10 mg/mL) for 30 minutes, the ET-1 and KCl-induced 45 Ca 2ϩ influx were significantly reduced when compared with the respective measurements in control tissues (Figure 7 ).
Discussion
The main findings of the present study are (1) elastase inhibits ET-1-induced aortic contraction, (2) elastase does not affect caffeine-induced contraction, which is a measure of Ca 2ϩ release from the intracellular stores, and (3) elastase inhibits KCl-induced aortic contraction and 45 Ca 2ϩ influx. The present study showed that elastase caused significant inhibition of ET-1-induced aortic contraction. The inhibition of ET-1-induced contraction by elastase could be due to an effect on one of the components of the vessel wall, namely the endothelium, the smooth muscle, or the extracellular matrix. It is unlikely that the observed inhibition of vascular contraction is a result of an effect of elastase on endothelium-derived relaxing factors because the present experiments were performed in endothelium-denuded vascular strips. Another possibility is that elastase may cause elastin degradation and disruption of the extracellular matrix, which could then decrease the ability of the blood vessel to maintain contraction. This is supported by reports that elastase causes degradation of the extracellular matrix proteins in animal models of AAA. 15, 16 This is also supported by the present observations that the elastase-induced inhibition of ET-1 and KCl contraction were only partially reversible in tissues treated with elastase alone. Additionally, the present histological studies have shown marked elastin degradation in tissues treated with elastase alone. To minimize the potential proteolytic effects of elastase on the vessel wall, we tested the effects of elastase in the presence of saturating concentrations of elastin. The effectiveness of this strategy was confirmed by the histological finding of elastin preservation in the tunica media of tissues treated with elastase plus elastin. Also, the complete reversibility of the effects of elastase plus elastin on ET-1-induced and KCl-induced contraction and the lack of effect of elastase plus elastin on the caffeine-induced contraction suggest that the observed inhibitory effects of elastase are not due to irreversible degradation of the extracellular matrix. Conversely, the observed inhibitory effects of elastase on ET-1 contraction may involve direct effects on the mechanisms of vascular smooth muscle contraction. Vascular smooth muscle contraction is triggered by an increase in intracellular Ca 2ϩ caused by Ca 2ϩ release from the intracellular stores and Ca 2ϩ entry from the extracellular space. 12 The observation that elastase did not significantly inhibit caffeine-induced contraction suggests that elastase may not act by inhibiting the Ca 2ϩ release mechanisms from the intracellular stores. On the other hand, the observation that elastase significantly inhibited KCl-induced contraction suggests that it may function through the inhibition of Ca 2ϩ entry from the extracellular space. This is supported by the observation that elastase inhibited both ET-1-induced and KCl-induced 45 Ca 2ϩ influx. The specific mechanism by which elastase inhibits Ca 2ϩ entry is unclear at the present time. The elastase-induced inhibition of Ca 2ϩ entry does not appear to be due to membrane hyperpolarization and activation of potassium channels because elastase inhibited KCl-induced contraction and Ca 2ϩ influx despite the fact that the high extracellular KCl gradient does not favor the diffusion of potassium ions from the intracellular to the extracellular space. Other possible mechanisms may include (1) direct interaction of elastase with the Ca 2ϩ channels, (2) an effect mediated by integrin receptors that are coupled to the Ca 2ϩ channels, or (3) an effect mediated by elastase-sensitive receptors, which activate signaling pathways that block the Ca 2ϩ channels. It has been suggested that the discharge of elastase from neutrophils can degrade denatured collagen and release Arg-Gly-Asp (RGD)-containing peptides, which may bind to ␣ v␤ 3 integrin receptors and thereby inhibit Ca 2ϩ entry by inhibiting integrin-mediated tyrosine kinase-dependent phosphorylation and activation of the Ca 2ϩ channels. [17] [18] [19] [20] Also, elastase is a member of a family of serine proteases that may stimulate protease-activated receptors (PARs) in a multitude of cell types. PARs mediate a myriad of cellular responses to various extracellular proteases through G-protein-coupled intracellular signaling pathways. 21 Recent studies have identified PARs in smooth muscle cells, which may play a role in smooth muscle proliferation and migration. 22 Other studies have shown that activation of PARs causes vasodilation through a nitric oxide-dependent mechanism. 23 Further studies are needed to define the role of integrins and PARs as possible molecular mechanisms by which elastase could inhibit Ca 2ϩ entry into the smooth muscle.
The smooth muscle cells in the tunica media serve important functions for mechanical support as well as maintenance of vascular tone. Atrophy of the tunica media and depletion of smooth muscle cells are consistent histological findings in end-stage large AAA in humans. 24 Ultrastructural evidence of smooth muscle cell injury has also been described in the elastase-treated animal models of AAA. 25 Nevertheless, the possible role and significance of smooth muscle dysfunction in the pathogenesis of AAA is unclear. In the present study, we have shown that one of the initial effects of elastase on the aortic wall is inhibition of ET-1-induced smooth muscle contraction. This inhibitory effect of elastase on smooth muscle contraction may explain the initial dilatation of the aorta that is commonly observed immediately after the administration of elastase in animal models of AAA and that has been solely attributed to loss of elastin. 26 The present study suggests that in addition to causing elastin degradation in the vessel wall, elastase also inhibits smooth muscle contraction by suppression of the Ca 2ϩ entry mechanisms, which may represent some of the early events during aneurysm formation. We should note that the acute in vitro effects of elastase appear to be reversible at the dose and duration of elastase treatment tested. However, the effects of elastase may be different in vivo, where an initial elastase insult could initiate a cascade of events, leading to progressive smooth muscle dysfunction and cell death. Also, the effects of a single exposure to elastase may be different from repeated and chronic exposure to elastase. The degradative enzymes matrix metalloproteinases (MMPs) have significant elastolytic activities. 27 MMP 2, MMP 3, and MMP 9 have been found in abundance in aneurysm tissues and have therefore been implicated in the pathogenesis of AAA. 28 MMP 2 has the greatest elastase activity and is produced mainly by mesenchymal cells such as smooth muscle cells and fibroblasts. 29 On the other hand, MMP 9 is produced mainly by the aneurysm-infiltrating macrophages, which are part of the inflammatory cellular infiltrate in AAA disease. 30 It seems reasonable to postulate that chronic exposure to elastase and other related elastolytic enzymes could lead to protracted inhibition of the Ca 2ϩ -dependent mechanisms of aortic smooth muscle contraction. This prolonged inhibition of vascular contraction may diminish the ability of the aortic wall to withstand the hemodynamic forces generated with each cardiac cycle, leading to progressive dilation and aneurysm formation over time. The effects of chronic exposure to elastase on smooth muscle function, both in vitro and in vivo, should therefore represent important areas for future investigations.
Perspectives
An increase in elastase activity is a consistent finding in human AAA, and elastase perfusion of the aorta induces the formation of aneurysm in animal models of AAA. [3] [4] [5] [6] [7] Also, the levels of ET-1 are elevated systemically in the plasma of patients with AAA 11 and locally in sites of elastic tissue defects in the aorta of rats prone to develop aneurysm. 31 The increased ET-1 and elastase activities in patients with AAA and in animal models of AAA have suggested possible modulating effects of elastase on the vasoconstrictive actions of ET-1 during AAA formation. The present study has shown that elastase inhibits ET-1-induced Ca 2ϩ entry mechanisms of aortic smooth muscle contraction. Elastase also inhibited the contraction and Ca 2ϩ influx in response to high KCl depolarizing solution, suggesting that it inhibits Ca 2ϩ entry through voltage-gated Ca 2ϩ channels. Further electrophysiological and molecular studies are needed to determine the mechanisms through which elastase could inhibit the Ca 2ϩ entry pathways and whether it involves direct interaction with the Ca 2ϩ channel or possible interactions with integrins or elastase-sensitive receptors. These studies should help explain the relation between the increased ET-1 levels and elastase activity during the development of AAA. However, vasoconstrictor agonists other than ET-1 may also play a role in AAA. Angiotensin II has been implicated in aneurysm formation in atherosclerosis-prone apolipoprotein E-deficient (apoEϪ/Ϫ) mice, 32 and ACE inhibitors suppress aneurysm formation in the elastase-perfused rat aorta. 33 Investigation of the effects of elastase on the Ca 2ϩ mobilization mechanisms of aortic contraction in response to angiotensin II and other vasoconstrictor agonists such as norepinephrine or prostaglandin F2␣ would determine whether the effects of elastase are specific to a particular agonist/receptor or involve effects on postreceptor signaling mechanisms.
